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ABSTRACT
Mantha, Madhavi M.S., Department of Chemistry, Wright State University, 2008.
Polystyrene as a Medium in Reverse-Phase Separation of Polycyclic Aromatic
Hydrocarbons.
The purpose of the research was to design a method using high-performance
liquid chromatography (HPLC) that would separate the sixteen polycyclic aromatic
hydrocarbons (PAHs) designated by Environmental Protection Agency (EPA) as priority
pollutants on two different kinds of polystyrene (PS) in the reversed phase. One was a
zirconia-based column coated with polystyrene. The other was a polystyrene
divinylbenzene (PS-DVB) column. The idea behind using these columns was to take
advantage of extreme retention of PAHs by these columns by using high temperatures or
temperature programming in order to reduce the amount of organic modifier in the
mobile phases to perform analytical separations and achieve faster LC separations.
Separation of the sixteen PAHs was attempted using PS-coated zirconia and the optimum
conditions consisted of thermal programming as well as mobile phase gradient by
running the sample at 60oC for the first 15 minutes and then at 50oC for the next fifteen
minutes and using 30% acetonitrile (ACN) from 0-10 minutes, 30-50% ACN from 10-15
minutes and 50-75% ACN from 15-30 minutes. Co-elution of geometric isomers,
benz(a)anthracene with chrysene and benzo(b)fluoranthene with benzo(k)fluoranthene
was observed. The optimum conditions using the PS-DVB column were temperature
70oC isothermal for 5 min, 70-110oC gradient at 5.33oC min-1 for the next 7.5 min and
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110oC isothermal for the next 17.5 min, mobile phase 50-90% ACN, remaining
H 2 O:MeOH 1:1 (v/v), flow rate 2 mL min-1. Again co-elution of geometric isomers,
benz(a)anthracene with chrysene and benzo(b)fluoranthene with benzo(k)fluoranthene
was observed. The last three anlaytes, dibenz(a,h)anthracene, indeno(1,2,3,cd)pyrene and
benzo(ghi)perylene had better separation with one peak and two shoulders, but could not
be resolved completely. No combination of mobile phases containing THF, ACN, H 2 O
and/or MeOH and no temperature program was able to completely resolve the EPA 16
PAHs better than typical silica-based C-18 columns. The PS columns did, however show
potential for separation of PAHs and their environmental derivatives with two to three
rings, such as those found in the vapor phase in the environment.
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Chapter 1 Introduction
Overview
Polycyclic aromatic hydrocarbons (PAHs) are a class of very stable organic
molecules made up of carbon and hydrogen only. These hydrocarbon compounds contain
2 or more fused aromatic rings and range in molecular weight from 128 to 300 amu and
much larger. These are also known as polynuclear aromatic hydrocarbon (PNAs), arenes
or polyarenes. PAHs are chemically transformed in the environment forming derivatives
that contain oxygen, nitrogen and sulfur atoms. These derivatives, along with PAHs, are
grouped together as polyaromatic compounds or PACs. PAHs by themselves are fairly
stable and are non-toxic. Their chemically and biologically transformed products
containing oxygen, sulfur and nitrogen atoms are often toxic and carcinogenic [1]. The
PAHs with two to seven rings are of most environmental interest because they form
hazardous PACs that can enter the human body. The sixteen PAHs that are used for
regular monitoring purposes are listed in Table 1.1. 1-Methylnaphthalene and 2methylnaphthalene were added as analytes to certain parts of research. PAHs are a group
of over 100 chemicals and there are 1896 possible structures [1, 2] many of which are
isomers that are difficult to separate chromatographically.

Sources
Anthropogenically, PAHs form during the incomplete burning of coal, oil and
gas, garbage, fossil fuels or other organic substances like tobacco or charbroiled meat,
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industrial operations such as coke ovens and aluminum smelters. Leachate from crude oil,
coal tar, asphalt and creosote (used as wood preservative) also contain high levels of
Table 1.1 List of Analytes
Peak
No.

Compound

1

Naphthalene

Structure

Peak
No.

Compound

9

Benz(a)anthracene

[91-20-3]

2

Acenaphthylene

[56-55-3]

10

Chrysene

[83-32-9]

3

Acenaphthene

[218-01-9]

11

Benzo(b)fluoranthene
[205-99-2]

[208-96-8]

4

Fluorene

12

Benzo(k)fluoranthene
[207-08-9]

[86-73-7]

5

Phenanthrene

13

Benzo(a)pyrene
[50-32-8]

[85-01-8]

6

Anthracene

14

Dibenz(a,h)anthracene
[53-70-1]

[12-12-7]

7

Fluoranthene

15

Indeno(1,2,3,cd)pyrene
[193-39-5]

[206-44-0]

8

Pyrene

16

Benzo(ghi)perylene
[191-24-2]

[129-00-0]

2

Structure

PAHs. PAHs are normally found as soot which contains a mixture of these compounds.
Naturally, PAHs are formed in the environment during volcanic eruptions, forest fires
and soil diagenesis [1, 2].

Physical Properties
The physical properties of PAHs vary widely with molecular weight and the
number of fused rings. The two-ring PAHs have high vapor pressures and partition
easily into the vapor phase in the environment. Larger PAHs, three-ring and four-ring
ones, partition between the vapor phases and solid phases in the environment. PAHs with
five rings or more are mostly associated with solid phases. The solubility of PAHs in
water decreases with increase in the number of rings. The solubility of PAHs with two to
six rings decreases over five orders of magnitude with increase in molecular weight. The
two-ring and three-ring PAHs are more likely to be found dissolved in aquatic
environments and the larger ring PAHs are associated with dissolved organic matter and
solid phases such as soot. As the size of the molecule increases, the tendency of PAHs to
accumulate in soil and sediments increases. Therefore, in spite of the fact that the PAHs
are initially dispersed in the atmosphere, the soils and sediments become the ultimate
sinks for PAHs. The hydrophobicity and stability of PAHs in the environment increase
with molecular size and angularity of a PAH molecule. These are the two factors that
contribute to the persistence of high molecular weight PAHs in the environment [3]. The
variability of the physical properties of PAHs makes it challenging to the analyst as far as
method development and analysis is concerned [1].
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Mobility of PAHs in the Environment
Low molecular weight PAH particles can readily evaporate into the air from soil
or surface waters and break down with sunlight and reaction with radicals, such as
hydroxyl radicals, nitrate radicals and ozone, forming hydoxy-PAHs, nitro-PAHs and
oxy-PAHs [1]. These account for a considerable degree of toxicity and mutagenicity of
urban aerosols. PAHs enter water through discharges from industrial and wastewater
treatment plants. Except for smaller PAHs, most PAHs do not dissolve easily in water
and stick to solid particles which settle to the bottoms of lakes and rivers. In soils, PAHs
partition strongly to particles and some of them move through soil to contaminate ground
water [1, 2].

Biodegradation of PAHs
Although PAHs are fairly stable with low toxicities, their bio-transformed
products have great potential for mutagenicity and carcinogenicity. Microbial degradation
is the major process that affects the persistence of PAHs in nature. Microbial consortia
such as bacteria, fungi and bacteria-fungi complexes degrade PAHs in soil and slurries.
The highest potential degradation is observed for anthracene, fluoranthene and
benz(a)anthracene [4].

Through bacterial action, PAHs undergo oxidation by

incorporating molecular oxygen across the aromatic ring to form hydroxy- and dihydroxy- derivatives, which further oxidize to form ketone, dione, quinone and
carboxylic acid derivatives. The hydroxy-PAHs are easily excreted by microorganisms
[1]. Therefore low molecular weight PAHs are more easily biodegraded than high
molecular weight PAHs which are strongly sorbed to the soils and sediments. PAH
transformation in higher organisms mainly occurs by cytochrome P4501 A1 leading to
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mutagenic diol epoxide which has potential to form DNA adducts. Figure 1.1 shows the
structure of a typical diol epoxide of benzo(a)pyrene. Nitro PAHs undergo ring oxidation
and nitro-reduction during carcinogenesis to form N-hydroxyamino-PAH which binds
with DNA. Biotransformation of PAHs occurs in fish which prevent bioaccumulation up
the food chain as opposed to other aquatic invertebrates. [1]

O

HO
OH
Figure 1.1 Chemical structure of the carcinogen benzo(a)pyrene diol epoxide

Photodegradation of PAHs
PAHs undergo transformation processes in the atmosphere both in the gas phase
and in the particulate/aerosol phase.

Daytime reactants in the gas phase includes

.

.

hydroxyl ( OH) radicals and night time reactions include nitrate ( NO 3 ) radicals forming
oxy-, nitro- and hydroxy-PAHs. Some of the transformation intermediates such as
oxygenated derivatives including ketones, quinones and anhydrides of PAH bi-carboxylic
acids, become important constituents of semi-polar fractions of particulate extracts and
prove to be highly mutagenic in bacterial as well as in human cells. PAHs reside on
particulates for a longer time, which makes direct or assisted photolysis play a key role in
the transformation of particle-associated PAHs [5].
Freshwaters become sinks for most atmospheric PAHs. Photolysis is the major
degradation process for most PAHs in the aquatic environment. Some PAHs can undergo
5

direct photolysis, while others get degraded by another light absorbing photo-activated
species in water. Photodegraded products of PAHs, mainly fluorene, pyrene,
phenanthrene, chrysene and anthracene, increase phototoxicity in aquatic organisms. The
photo-degraded products include quinones, peroxides, phenols and carboxylic acids [6].

Human Exposure and Health Effects of PAHs:
Human beings are generally exposed to PAHs by breathing air containing PAHs or
PAH-containing particles. PAH exposure also takes place by eating grilled or charred
meats, contaminated cereals, flour, bread, vegetables, fruits, meats and processed or
pickled foods or drinking contaminated water or cow's milk. Nursing infants may be
exposed to PAHs through their mother's milk [2].
The Department of Health and Human Services (DHHS), World Health
Organization (WHO), Environmental Protection Agency (EPA) and many other health
agencies have determined that some PAHs are carcinogens. Benzo(a)pyrene (BaP) is a
known carcinogen [7]. Measurements of most PAHs are done with respect to
benzo(a)pyrene as the natural background level of BaP may be nearly zero. The
relationship between the amount of BaP and some other PAHs is termed the "PAH
profile". According to the WHO, very high levels of benzo(a)pyrene is found in work
places of older coke oven batteries, retort houses of coal-gas works, aluminum-smelters
and some other similar workplaces. According to US Statistics and Analysis, human
exposure

to

the

benzo[a]anthracene,

following
chrysene,

eight

carcinogenic

benzo[b]fluoranthene,

PAHs

in

the

environment:

benzo[k]fluoranthene,

BaP,

indeno[1,2,3-cd]pyrene, dibenz[ah]anthracene and benzo[ghi]perylene are studied in
North America [7]. Some people who have inhaled or touched mixtures of PAHs and
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other chemicals for long periods of time have developed skin cancer. Some PAH
derivatives have caused lung cancer, stomach cancer and skin cancer in laboratory
animals [2]. Toxicity of PAHs is related to their structure. Benzo(a)pyrene is mutagenic
and carcinogenic in nature because of its ability to form trans-diol epoxide [8]. Similarly,
the carcinogenicity and mutagenicty of PAHs depends on their structure and ability to
form epoxides, nitro and hydroxyderivatives. Therefore, it is important to identify,
separate and quantify them using various analytical methods.

Regulations
According to the Occupational Safety and Health Administration (OSHA), the
exposure limit in work place is 0.2 milligrams of PAHs per cubic meter of air (0.2
mg/m3) of PAHs. The Permissible Exposure Limit (PEL) set by OSHA for PAHs
contained in mineral oil mist is 5 mg/m3 averaged over an 8-hour exposure period. The
National Institute for Occupational Safety and Health (NIOSH) suggests that the average
workplace air levels for coal tar products not exceed 0.1 mg/m3 for a 10-hour workday,
within a 40-hour work week. Many other limits have been set for workplace exposure for
things that contain PAHs, such as coal, coal tar, and mineral oil [2].

Measurement of PAHs in the Environment
The sixteen PAHs that are used for regular monitoring purposes have been
designated by United States EPA as priority pollutants [9]. Among the analytical methods
used for the analysis of PAHs, the primary methods are gas chromatography-mass
spectrometry (GC-MS), high-performance liquid chromatography (HPLC) and subcritical
fluid chromatography (SFC) [1]. Analysis of PAHs is usually done using EPA Method
8270D was done using gas chromatography-mass spectrometry (GC-MS) [10]. Though
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GC is very efficient and sensitive, HPLC and SFC are sometimes preferred over GC
because of easier sample preparation and greater selectivity for isomers. Also GC
analysis is difficult for PAHs with 24 carbons or more, as they are extremely non-volatile
[1]. PAHs are stable and do not fragment under standard electron impact ionization
conditions allowing for molecular weight determinations but limiting identification of
isomers. EPA Method 8310 [11], high-performance liquid chromatography (HPLC), with
a mobile phase gradient of 50 to 100% acetonitrile in water, is less efficient than GC but
has a greater potential to separate geometric isomers and more polar PACs [12].
The advantages of both GC and HPLC are combined in a model called Unified
Chromatography [13]. Unified chromatography is based on the idea of changing the
mobile phase properties by controlling the column temperature and mobile phase
composition as in HPLC and changing the stationary phase properties by controlling the
temperature of the column as in GC. Since PAHs differ a lot in physical properties,
applying a mobile phase gradient and temperature gradient has the potential to further
improve the separation of larger molecular weight PAHs and their geometric isomers.

Advantages of applying elevated temperatures and mobile phase
gradient in LC separations
Elevated temperature affects the compensation temperatures or enthalpy-entropy
balance of retention [14] leading to a shift in retention mechanism which can be used to
enhance resolution. Thermal programming in LC provides a means of shifting the
retention time of solute peaks similar to temperature programming in GC [12,15]. High
temperature can potentially play an important role in selectivity. Since temperature is an
instrumental setting, it is much easier to adjust during method development compared to
mobile phase composition [16]. In conclusion, high temperature in LC is very powerful
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tool that may be useful for increasing resolution. When temperature programming is
possible, a solvent gradient can be replaced or combined with a temperature gradient,
therefore adding another dimension to the method development.
Increasing temperature in reversed-phase liquid chromatography (RPLC) reduces
mobile phase viscosity, surface tension and the dielectric constant of water, which
increases the solvating properties of the mobile phase for slightly polar to non-polar
compounds and consequently lowers back pressure [17,18,19]. Smaller particles or
longer columns can be used as a result of the reduction in back pressure, which can be
used to increase the efficiency drastically. The effect of linear velocity on the height
equivalent to one theoretical plate (HETP) shows that the column efficiency at high
velocity, improves dramatically at high temperatures, especially of well retained solutes
[20]. Temperature programming also compliments the mobile phase strength. For
example, Chen and Horvath reported that a 1% ACN increase in RPLC is equivalent to a
5oC rise in temperature, ranging from 30 to 80oC with a mobile phase composition 60 to
80% ACN:H 2 O (v/v) [21]. Kondo and Yang reported that a 1% ACN increase is
equivalent to a 3oC rise in temperature ranging from 60 to 200oC with a mobile phase
of 100% H 2 O [22]. Dean and Kadiri [12,15] performed similar experiments on Supelcosil
3-µm and 5-µm columns and similar results were obtained. The results for both columns
showed that from 21 to 50oC, a 3oC rise in mobile phase temperature was equivalent to a
1% ACN increase and from 40 to 80oC, a 2oC rise in mobile phase temperature is
equivalent to a 3% ACN increase. Therefore, the use of temperature programming in
RPLC can promote “green chemistry” by reducing the percentage of organic modifier in
the mobile phase.

9

Silica-Based C-18 Columns
In reversed-phase liquid chromatographic separations of PAHs, silica-based C18 columns are commonly preferred. Dean and Kadiri [12,15] achieved separation of
twenty of twenty-one PAHs in less than 40 minutes by using isocratic mobile phase of
50% ACN:H 2 O(v/v) combined with thermal programming from 40 to 77oC. All the
geometric isomers were well resolved. The disadvantages of silica-based C-18 columns
are that they are thermally unstable at temperatures greater than 80oC. Therefore, thermal
programming beyond 80 oC could not be performed to achieve optimum separation in
lesser time as the column would deteriorate. Since water is a component of the mobile
phase, as in any reversed-phase liquid chromatographic separation, loss of the bonded
phase from silica support occurs as a result of hydrolysis at higher temperatures [16].

Other Chromatography Columns
Stationary phases with high temperature stability are based on materials other
than silica, e.g. graphitized carbon, zirconium oxide and polystyrene divinylbenzene (PSDVB). The idea behind applying polymer-coated zirconia-based columns and polystyrene
divinylbenzene columns for separation of PAHs is that the columns are extremely
retentive of PAHs, which increases their potential to separate geometric isomers and
derivatives in environmental samples. Also the columns can withstand higher
temperatures which results in lesser use of organic solvents leading to greener chemistry.

10

Polymer-Based Stationary Phases
In reversed-phase liquid chromatography, the use of polymer-based stationary
phases started late the 1970s. Prior to 1980, these stationary phases lacked rigidity and
performance compared to silica-based stationary phases and therefore silica-based
columns were preferred for separation of PAHs [24]. Since the 1980’s there has been a
lot of improvement and optimization taking place as far as inventing new LC supports is
concerned. The outcome of this is the reduction of the column inner diameter to only a
few micrometers, which resulted in capillary HPLC techniques [23]. Problems with
stability, incompatibility and column performance have been improved [32]. Polymerbased stationary phases are a newer input from polymer chemistry which significantly
enhances the quality of LC supports in terms of selectivity, efficiency, stability and
reproductivity for HPLC separations [23]. Polymer-based columns enter the picture when
silica-based columns show difficulty in separations due to damage of the bonded phase in
acidic and basic aqueous eluents [24,25]. In general, stationary phases made up of porous
particles of polystyrene-divinylbenzene are pressure and temperature stable and are
efficient at much higher flow velocities than traditional silica-based column packings.
Column durability and performance losses are attributed to introduction of contaminants
through mobile phase or sample but not the mobile phase itself [23,25]. The polymer
coated stationary phases posses higher mechanical stability than ordinary silica based C18 columns both in acidic and alkaline pH [24-27] due to high percentage of cross linking
[28,29]. Also, there is homogeneity of the hydrophobic surface in polymer-based
materials due to lack of binding sites like silanols on a silica surface which results in
different selectivity [24,28].

11

The disadvantages of polymer packed-columns are poor performance and poorer
pressure stability when compared to silica-based columns [24] which has been observed
in the current research. The polymer-based packed columns posses micropore structure
[30], which in contact with mobile phases like acetonitrile and tetrahydrofuran, swells
changing the surface area of polymer gels [28,29,31], making them more retentive of
PAHs and may increase their potential to separate geometric isomers but causes severe
tailing of peaks or co-elution. This behavior is not observed with water as a mobile phase
because the micropore structure is closed or unaccessible [24,29]. Polymer-based
stationary phases showed unusually large retention surfaces [24,27,32] which were
observed in the current research.

Polystyrene-divinylbenzene Stationary Phase
PS-DVB columns are made up of gels of polystyrene-divinylbenzene polymer.

Dioxane/ Decanol
AIBN
70 oC
24 h

Figure 1.2: Chemical structure of PS-DVB resins used in the PS-DVB Column [22]

These columns can withstand temperatures between 150 oC and 200 oC. The
performance of these PS-DVB columns could be very high, between 40,000–80,000

12

theoretical plates/m in the normal phase, but most of the commercially available columns
have efficiencies between 20,000–50,000 theoretical plates/m under optimized conditions
[24]. The smaller number of theoretical plates could be attributed to the small pore size of
the polymer gels [27].

According to the manufacturer (Jordi and Associates,

www.jordiflp.com), the PS-DVB Bullet columns provide a high efficiency, high speed
solution for reverse-phase and normal-phase. The extreme retention of PAHs on PSDVB surfaces is due to the π-π interactions or charge transfer interactions between the
PAHs and the surface [25,33] resulting in severe tailing of the peaks or lack of elution
altogether [24]. The retention behavior of PAHs of two to six rings increases with
increase in length to breadth ratio of the molecule [34] and so is the elution order [24]. In
fact, the retention of PAHs in PS-DVB surfaces are so extreme that PS-DVB disks are
used for pre-concentration of PAHs in water samples [35].
Stronger solvents like tetrahydrofuran and acetonitrile improve the peak shape
[33] and reduce the retention [30] due to the π- π interactions between the mobile phase
and the polymer surface [24]. The improvement in peak shape can also be attributed to
higher temperatures but better separation of larger PAHs can take place at reduced
temperatures [24]. Acetonitrile in the mobile phase showed better column efficiency than
methanol for PAHs [24]. Polymer-based stationary phases have greater selectivity for
PAHs than other aromatic compounds, cycloalkanes or linear alkanes [24]. At the same
time the column efficiency decreases due to hindered diffusion [24] compared to silica
particles.
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Chemically-modified polystyrene-divinylbenzene stationary phases
Strong retention of PAHs and peak asymmetry due to charge transfer interactions
or π-electron interactions in polymer-based stationary phases with strong mobile phases
is well known. Therefore, chemically modified polystyrene packings should shield the πelectrons from interacting with the mobile phase and improve the problems of retention
and peak tailing [36]. Also, the stationary phase is ion-free, very rigid and compatible for
solvent changes between aqueous and organic phase [37]. In 1984, Benson and Woo
worked with sulfonated polystyrene-divinylbenzene columns to separate amino acids and
carbohydrates [25].

In 1987, Yang and Verzele worked with polar ligand bonded

polystyrene-divinylbenzene stationary phase and tried separating substituted aromatic
compounds with column thermostated between 15 and 50oC. They found that the
modified stationary phase led to low column back pressure and the swelling propensity
was 0.4, which was comparable to silica-based columns [37]. In 1987, Hirukawa, Hanai
and Arai worked with octadecyl-bonded vinyl alcohol copolymer gel to separate
polycyclic aromatic hydrocarbons. It was concluded that the PAHs were selectively
retained on the octadecyl-bonded vinyl alcohol copolymer gel [38]. In1987, Tanaka,
Hashizume and Araki worked on alkylated polymer gels and silica-based stationary
phases to compare the selectivity of stationary phases on four PAHs, naphthalene,
anthracene, pyrene and benz(a)pyrene. It was observed that the polymer-based phases
were less hydrophobic compared to silica-based phases and showed much retention of the
rigid planar solutes. The effect of organic modifiers in the mobile phases on shape
selectivity of solutes were much more extreme with polymer-based stationary phases than
silica-based ODS phases [27]. In 1988, Groise-Rhode, Kincinski and Kettrup worked
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with C-18 or vinylpyridine modified polystyrene-dinylbenzene columns and nitrated PSDVB columns for the separation of two- to four-ring PAHs and their nitro and amino
derivatives. With C-18 modified polystyrene-dinylbenzene columns, water-acetonitrile
mobile phases showed better peak symmetry than water-methanol mobile phases. On
acidifying the mobile phases to pH 2, better group separation of PAHs was observed. The
separation of PAHs on vinylpyridine copolymer was less efficient than C-18 modified
copolymer. Nitrated PS-DVB columns showed better efficiencies with good peak
symmetries, good resolution and low peak widths [36]. All the research so far was done
at ambient temperature except for Hirukawa et al., who performed their analysis between
15 and 50oC. In conclusion, chemically modified polystyrene-divinylbenzene columns
are better than polystyrene-divinylbenzene columns alone with better peak symmetries,
low swelling propensities, more rigidity and better resolution for two to three ring PAHs.
No research has been done on the larger PAHs with four rings and more on PS-DVB
columns.

Polymer-coated Zirconia-based stationary phase
Zirconia-based polymer coated columns can withstand temperatures up to 200oC
and higher with good resolution of solutes. According to the manufacturer, (Zirchrom
Separations, Inc., www.zirchrom.com), zirconia columns are ideal for highly aqueous
mobile phases with alternate selectivity to ODS (octa-deca silane). They are stable at
extreme pHs 1-13 [39]. Compared to Silica C-18 phases, they are less hydrophobic.
Therefore less organic solvent is required leading to more green chemistry. Unlike Silicabased column materials, zirconia-based columns show excellent thermal stability over a
wide range of temperatures and enable high temperature separations [40]. These high
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temperatures results in narrower peaks, lower pressure drops and very fast analyses.
Bonded Zirconia columns have advantages of operating at extreme conditions of
temperature and pH [39,41] and are mechanically and hydrolytically more stable than
silica-based columns. The selectivity factor α for PAHs are high and more retained in the
Zirchrom-PS column due to strong π-π interactions between phenyl groups of PAHs with
phenyl groups of polymer coating [39]. It is suspected that PAHs are in better contact
with the aromatic moieties in polystyrene-based zirconia stationary phases strengthening
the π-π interactions [39]. This means the resolution of analytes and their geometric
isomers is expected to be good. High column efficiency has been reported as the
chromatographic retention times and peak responses of the analytes were reproducible
under high temperature conditions following 100 continuous injections [42].

Current Research:
The research disserted in this thesis is focused on high temperature and
temperature programming in high-performance liquid chromatography in the separation
of the sixteen EPA PAHs on polystyrene-coated zirconia-based and polystyrenedivinylbenzene columns. There are no previous publications for separation of the EPA 16
PAHs on PS-coated zirconia columns except for the internal report by Zirchrom
Separations Inc. The sixteen PAHs examined by Zirchrom did not include chrysene,
benzo(k)fluoranthene and indeno(1,2,3,-c,d)pyrene from the EPA 16 priority pollutants
because of co-elution with other EPA 16 PAHs. Instead they included 1-methylnapthalene,
decafluorobiphenyl and p-terphenyl-d-14. Polymer gel columns, commonly applied to gel
permeation chromatography (GPC) in the normal phase, were investigated as reversephase surfaces by using polar mobile phases. There are no reports in the literature on
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separation of the sixteen EPA PAHs by PS-DVB columns before. Only a few PAHs were
analyzed and not the whole EPA 16 . The idea behind doing this research was to see if the
polymer gels and polymer-coated stationary phases could successfully separate all the
sixteen PAHs and if high temperatures and temperature programming would help resolve
all the PAHs. It was also to see if the newer polymer-based stationary phases are a good
alternative to conventional silica-based stationary phases. Parameters such as flow rate,
mobile phase composition, and temperature were evaluated individually and in
combination to maximize the separation. Different mobile phase constituents were used,
including

acetonitrile,

water,

methanol,

acetic

acid

and

tetrahydrofuran.

1-

Methylnaphthalene and 2-methylnaphthalene were added to the first eight analytes from
Table 1.1 for further research with PS-DVB columns to investigate PS-DVB as a
separation medium for two- and three-ring PAHs and their derivatives only.
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Chapter 2 Experimental Section
Instrument
The HPLC system consisted of two Varian Prostar 210 Solvent Delivery modules
(Varian Analytical Instruments, Walnut Creek, CA, U.S.A), which transported the mobile
phase to the column through a preheating coil made from 100 cm x 0.025 cm i.d.
stainless steel tubing (Alltech Associates Inc., Deerfield, IL,U.S.A). The preheating coil
and column was placed inside a Varian 3400 gas chromatograph oven (Varian Analytical
Instruments, Walnut Creek, CA, U.S.A), for column and mobile phase heating. Each 10µl sample was injected using a 20-µl sample loop that was mounted outside the oven. A
cooling loop made from 100 cm x 0.025 cm i.d. stainless steel tubing, connected the
column outlet to a Varian Prostar 330 Photodiode Array (PDA) Detector (Varian
Analytical Instruments, Walnut Creek, CA, U.S.A) set to scan from 190 to 350 nm and
record at 254 nm. The pressure at the outlet of the detector was maintained by a flowthrough back pressure regulator factory pre-set to 4.14 x 105 Pa (Scientific Systems Inc.,
State College, PA, U.S.A) although the cooling loop probably made it unnecessary at the
conditions applied. Chromatograms were generated using Star Chromatography
Workstation System Control software version 5.51 (Varian Analytical Instruments,
Walnut Creek, CA, U.S.A.) on an OmniTech computer. The systems temperature was
monitored using a Cole-Parmer Digi-Sense 12-channel scanning thermocouple
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thermometer (Cole-Parmer Instrument Co., Vernon Hills, IL, U.S.A.) with seven
strategically placed thermocouples (T 1 – T 7 ).

Figure 2.1 Instrumentation: HPLC System consisted of the following components: 1.
mobile phase reservoirs; 2. two pumps; 3. loop injector; 4. preheating coil; 5. GC
oven; 6. analytical column; 7. cooling coil; 8. PDA detector; 9. back-pressure
regulator; 10. data collection system; 11. waste reservoir; and thermocouples T 1 - T 7
[12].

Reagents and Standards
Analytical standards, listed in Table 1.1, 200 ppm dissolved in acetonitrile, were
purchased from ChemService Inc., (West Chester, PA, U.S.A). Standards were also
prepared in the laboratory by weighing approximately 0.01 g of each of the sixteen PAHs
and dissolving them in acetonitrile. The dry solid standards were also obtained from
ChemService Inc., (West Chester, PA, U.S.A). The sixteen PAHs were separated as four
sets of four analytes. All the four analytes in a set were selected on the basis of their
elution order in such a way that the four peaks are spaced well apart. This would help
recognition of each peak in a mix of sixteen samples. This resulted in concentrations
close to 200 ppm. An aliquot of 250 µL of each of the sets of four standards was added to
10 mL of acetonitrile to obtain 5 ppm standards. At the same time, each set of four 200
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ppm standards were diluted to one mix of sixteen standards of 5 ppm. This mix of 5 ppm
standard of sixteen PAHs was used for method development and analysis in all the
columns. The details are listed in table 2.1. All the standards and samples were prepared
with HPLC grade acetonitrile (ACN) purchase from Fisher Scientific (Pittsburgh, PA,
U.S.A.). The mobile phases, acetonitrile (ACN) methanol (MeOH) and tetrahydrofuran
(THF) were purchased from Fisher Scientific (Pittsburgh, PA, U.S.A.). A Labonco Water
Pro PS water system from Labonco Corporation (Kansas city, MO, U.S.A.) supplied the
Type 1 water.
Table 2.1 Method of preparing standards of sixteen PAHs
Analytes

Molecular
weight
(amu)

Amount
of each
analyte (g)

Volume
of ACN

Resulting
Concentration
(200 ppm)

Final
concentration
(5 ppm)

Naphthalene
Phenanthrene
Benz(a)anthracene
Benz(a)pyrene
Acenaphthylene
Anthracene
Chrysene
Dibenz(a,h)anthracene
Acenaphthene
Fluoranthene
Benzo(b)fluoranthene
Benzo(ghi)perylene
Fluorene
Pyrene
Benzo(k)fluoranthene
Indeno(1,2,3,cd)pyrene

128.17
178.23
228.29
252.31
152.19
178.23
228.29
278.35
154.21
202.25
252.31
276.33
166.22
202.25
252.31
276.33

0.01042
0.01003
0.01024
0.00805
0.01030
0.01010
0.00990
0.01000
0.01036
0.01014
0.01028
0.00691
0.01013
0.01055
0.01011
0.01243

50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50

208.4
200.6
204.8
161.0
206.0
202.0
198.0
200.0
207.2
202.8
205.6
138.2
202.6
211.0
202.2
248.6

5.21
5.01
5.12
4.02
5.15
5.05
4.95
5.00
5.18
5.07
5.14
3.31
5.07
5.28
2.06
6.22

Amount of each analyte required to make a 200 ppm standard
1 ppm = 1µg/mL
200 ppm = 200 µg/mL
(200 µg/mL) x (50mL) = 10,000 µg or 0.01000 g
5 ppm standard obtained from 200 ppm standard
(200 ppm) x (0.250 mL/10 ml) = 5 ppm

20

Zirchrom-PS column
Zirchrom-PS column 150 mm X 4.6 mm i.d, 3-µm micron particle size was prepared by
Zirchrom separations Inc. (Anoka, MN, U.S.A). According to the manufacturer
(www.zirchrom.com), the base material is made up of porous zirconia, or ZrO 2 , a metal
oxide that is produced through controlled polymerization induced aggregation of 1000 Å
colloidal zirconia to produce 3-µm porous zirconia spheres and the bonded phase is made
by coating zirconia with a thin layer of polymer polystyrene (PS), with a pore size of 300
Å and surface area 30 m2/g.

PS-DVB Column
One of the polystyrene-divinylbenzene column was the Jordi Gel DVB 500A RP
Bullet, 53 mm x 7 mm given by Dr. Howard Jordi (Jordi Associates, F. L. P., 4 Mill
Street, Bellingham, Massachusetts, U.S.A). According to the manufacturer, the column is
packed with gels made up of polystyrene-divinylbenzene. The shape of the column which
is in the form of bullet, allows for decreased analysis times by optimizing the column size
and flow characteristics. There was high back pressure in the system and the pumps shut
down continuously in the middle of the runs and the column was replaced with a Jordi
Gel DVB RP 500A RP Bullet, 50 mm x 10 mm, given by Dr. Howard Jordi. According
to Dr. Howard Jordi, the new column could withstand pressure up to 10,000 psi and the
flow rate could be used up to 10 ml min-1. Note that the two columns have slightly
different dimensions.
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Experimental Parameters
Temperature, mobile phase composition and flow rate were studied individually
and in combination using the three columns in order to optimize the separation of the
sixteen PAHs. Isothermal and gradient temperatures, isocratic and gradient mobile phase
composition and constant and variable flow rates were studied.
With the Zirchrom-PS column, the isothermal conditions ranged from 60 to 80oC,
while temperature programming ranged from 40 to 200oC. Mostly gradient mobile phase
composition was used which ranged from 10-100 % ACN, and the remaining solvent was
water. Flow rate was constant at 1.5 ml min-1. With methanol in addition to H 2 O and
ACN, mostly isothermal ambient temperatures were used, the mobile phase composition
was varied from 15-80 % ACN, with the remaining solvent 1:1 to 19:1 H 2 O:MeOH and
flow rates ranged from 1.0 to 2.0 ml min-1.
With Jordi Gel DVB column (53 mm x 7 mm), using H 2 O and ACN as the
mobile phases, isothermal conditions ranged from 60 to 140oC and temperature gradient
ranged from 100 to 160oC. Mostly gradient mobile phase composition was used which
ranged from 10 -90 % ACN, with the remaining solvent water and flow rates ranged from
1.0 to 4.0 ml min-1. With MeOH and ACN as mobile phases in the ratio 1:1, the
isothermal conditions varied from ambient to 110oC and flow rates varied from 0.5 to 3.0
ml min-1. With ACN, MeOH and H 2 O as mobile phase in various ratios, isothermal and
temperature programming were used ranging from 60oC to 110oC and flow rate
programming 1.0 to 3.0 ml min-1.
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With Jordi Gel DVB column (53 mm x 10 mm), using ACN, THF, MeOH and
H 2 O in various combinations, is isothermal and temperature programming were used
ranging from ambient to 110oC and flow rate 3.0 ml min-1. 40 -- Protection of
Environment
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Chapter 3 Results and Discussion
Zirchrom-PS Column
Method Optimization
Both isocratic and gradient mobile phase conditions along with isothermal and
thermal programming conditions were used in order to optimize the chromatogram. The
various conditions tested are listed in Table 3.2. Initially, the method used was similar to
the one used by Zirchrom [Appendix 1]. The temperature was set at 80oC (isothermal)
and mobile phase gradient was 15-80% ACN in 20 minutes. Then the method was
adjusted a little by changing the composition of the mobile phase composition from 1080% ACN to 20-80% ACN in small increments of 3% ACN min-1. The chromatogram
that was reproduced by using the method by Zirchrom at 80oC and mobile phase
composition 20-80% ACN is shown in Figure 3.2. Thermal programming began by
increasing the column temperature from ambient by 4oC min-1 to 7oC min-1 while
increasing ACN in the mobile phase gradient from 2% min-1 to 4% min-1 concurrently.
Then the method was changed by dividing the run to two isothermal temperature
conditions and changing the mobile phase gradient at the same time. Basically, the
percentage organic modifier in the mobile phase program and the temperature program
were adjusted as needed in small increments or decrements to achieve optimum
separation between co-eluting compounds. The optimum conditions consisted of thermal
programming as well as mobile phase gradient by running the sample at 60oC for the first
15 minutes and then at 50oC for the next fifteen minutes and using 30% ACN from 0-10
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minutes, 30-50% ACN from 10-15 minutes and 50-75% ACN from 15-30 minutes. The
chromatogram is shown in Figure 3.3.
Table 3.2 Sequence of steps used during method development on the ZirChrom-PS
column
Mobile
Temperature
Phase
Condition %ACN* Flow Rate Solvent Program
Range Thermal Program
-1
(mL min )
(oC)
1
2

20-80
15-80

1.5
1.5

3
4
5
6

15-85
10-80
12-80
30-50

1.5
1.5
1.5
1.5

Gradient at 3% min-1
Gradient at 3.25%
min-1
Gradient at 3.5% min-1
Gradient at 3.5% min-1
Gradient at 3.4% min-1
Isocratic at 5%

7

30

1.5

30-50

1.5

80
80

Isothermal
Isothermal

80
80
80
50-130

Isothermal
Isothermal
Isothermal
Gradient at 4oC
min-1

increments
Isocratic for 20 min

40

Gradient at 0.4% min-1

40-60

Isothermal for 10
min
Gradient at 0.66
min-1
Gradient at 7oC
min-1
Isothermal

60-200
8
9
10
11
12
13
14

15

30
30-90
30
30-90
30
30-75
30
30-75

1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5

30
30-75
30
30-65

1.5
1.5
1.5
1.5

35
35-55
55
55-65

1.5
1.5
1.5
1.5

65-75
30

1.5
1.5

Isocratic for 15 min
Gradient at 4% min-1
Isocratic for 10 min
Gradient at 3% min-1
Isocratic for 10 min
Gradient at 2.5% min-1
Isocratic for 12 min
Gradient at 2.25%
min-1
Isocratic for 12 min
Gradient at 2.5% min-1
Isocratic for 10 min
Gradient at 1.75%
min-1
Isocratic for 10 min
Gradient at 2% min-1
Isocratic for 2 min
Gradient at 3.33%
min-1
Gradient at 2%
Isocratic for 10 min

30-45

1.5

Gradient at 3% min-1

25

60

60

Isothermal at 10 oC
increments
Isothermal

60

Isothermal

60

Isothermal

60

Isothermal

60

Isothermal

60

Isothermal for 15
min
Isothermal for 15
min

40-60

50

16

17

18

45-100

1.5
1.5

Gradient at 3.66%
min-1
Isocratic for 10 min

30

60

30-50

1.5

Gradient at 4% min-1

50

50-75

1.5

30

1.5

Gradient at 1.66%
min-1
Isocratic for 7 min

60

30-40

1.5

40-55
55-65

1.5
1.5

30

50

1.5

Gradient at 3.33%
min-1
Gradient at 3% min-1
Gradient at 0.66%
min-1
Isocratic for 10 min

30-55

1.5

Gradient at 5% min-1

45

55

1.5

Isocratic for 15 min

60

Isothermal for 15
min
Isothermal for 15
min
Isothermal for 15
min
Isothermal for 15
min

Isothermal for 15
min
Isothermal for 15
min

*Remaining % composition of mobile phase is water.
Table 3.3 Recommended conditions for separating the sixteen PAHs on the Zirchrom-PS Column

Temperature
80oC

Flow Rate

1.5 mL min-1

Mobile Phase Conditions
20-80% ACN:H 2 O (v/v)

80oC

Figure 3.2 Chromatogram of 5 ppm PAHs standard mix run under the conditions given in Table 3.3
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Table 3.4 Method optimization by temperature programming and mobile phase gradient
programming for separating the sixteen PAHs on the Zirchrom-PS Column

Temperature

Flow Rate

Mobile Phase Conditions

60 C Isothermal for 15 min
50oC Isothermal for 15 min

1.5 mL min
1.5 mL min-1

30% ACN:H 2 O (v/v), 0-10 min
30-50% ACN:H 2 O (v/v), 10-15 min
50-75% ACN:H 2 O (v/v), 15-30 min

o

-1

30% ACN
60oC
50oC

Figure 3.3 Chromatogram of 5 ppm PAHs standard mix run under the conditions given in Table 3.4

Method development using different mobile phases and conditions:
In order to improve separation between the geometric isomers, the mobile phase
constitution was changed and more polar and strong mobile phases were tried. The
mobile phase combination was acetonitrile, methanol and water. Adding methanol in
water increases its polarity and mobile phase strength. This would lead to increase in
interaction between the mobile phase and the bonded phase of the column, thereby
separating the retentive geometric isomers, if any. The different conditions tried are listed
in table 3.5. The optimum condition that results in maximum separation of analytes is
shown in table 3.6 and the chromatogram in figure 3.3
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Table 3.5 Sequence of steps used during method development on the ZirChrom-PS
column
Mobile
Temperature
Phase
Condition %ACN,*
Flow Rate Solvent Program
Range Thermal
H 2 O:MeOH
Program
(mL min-1)
(oC)
1
2
3
4
5
6
7
8
9
10
11
12
13

15-80, 1:1
20-80, 1:1
60, 1:1
20-80, 4:1
20, 4:1
20, 9:1
40, 9:1
0, 9:1
10, 9:1
20, 19:1
20, 19:1
40, 19:1
40-80, 19:1
40, 1:0
40-80, 1:0

1.5
1.0
1.0
1.0
1.0
1.0
1.5
1.2
1.2
1.2
2
1.4
1.4
1.4
1.4

Gradient at 3.25% min-1
Gradient at 3.0% min-1
Isocratic
Gradient at 3.0% min-1
Isocratic
Isocratic
Isocratic
Isocratic
Isocratic
Isocratic
Isocratic
Isocratic
Gradient at 2.86% min-1
Isocratic
Gradient at 2.86% min-1

80
25
25
25
25
25
25
25
25
25
25
25

Isothermal
Isothermal
Isothermal
Isothermal
Isothermal
Isothermal
Isothermal
Isothermal
Isothermal
Isothermal
Isothermal
Isothermal

25

Isothermal

*remaining water:methanol
Table 3.6 Method optimization by changing the mobile phase and with mobile phase gradient
programming for separating the sixteen PAHs on the Zirchrom-PS Column

Temperature
25oC Isothermal

Flow Rate

1.4 mL min-1

Mobile Phase Conditions
40% ACN, 60% H 2 O:MeOH 19:1(v/v), 0-6 min
40-80% ACN, remaining H 2 O:MeOH 19:1(v/v), 6-20 min

40% ACN*

25oC
o

25 C

Figure 3.4 Chromatogram of 5 ppm PAHs standard mix run under the conditions given in Table 3.6
* remaining H 2 O:MeOH 19:1(v/v)
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Discussion
On analysis from the method similar to Zirchrom, it was observed that
benz(a)anthracene co-elutes with chrysene and benzo(b)fluoranthene co-elutes with
benzo(k)fluoranthene. Therefore, fourteen peaks are observed instead of sixteen peaks.
All sixteen PAHs eluted in less than fifteen minutes. On optimizing the method, by
changing the mobile phase gradient and temperature programming, separation of the coeluting peaks mentioned above was not achieved. The analysis of benzo(b)fluoranthene
and benzo(k)fluoranthene was done separately as individual compounds and together as a
mixture at temperatures 60oC for the first 15 minutes and 50oC for the next fifteen
minutes and mobile phase gradient 30% ACN from 0-10 minutes, 30-50% ACN from 1015 minutes and 50-75% ACN from 15-30 minutes. Benzo(b)fluoranthene eluted at
19.211 minutes, benzo(k)fluoranthene eluted at 19.086 minutes and the combination of
benzo(b)fluoranthene and benzo(k)fluoranthene was 19.191 minutes as a single peak.
The analysis of benz(a)anthracene co-eluting with chrysene showed similar results.
Zirchrom did not include chrysene, benzo(k)fluoranthene and indeno(1,2,3,-c,d)pyrene
[Appendix IV] from the EPA 16 priority pollutants in their list of analytes. Instead they
included 1-methylnapthalene, decafluorobiphenyl and p-terphenyl-d-14. The reason
being the fact that benz(a)anthracene co-elutes with chrysene and benzo(b)fluoranthene
co-elutes with benzo(k)fluoranthene.
On analysis using acetonitrile, methanol and water as mobile phases, under
isothermal, mobile phase gradient and different flow rate conditions, it was clear that
adding methanol as a constituent of the mobile phase in order to increase the mobile
phase strength did not help resolve the geometric isomers. Chromatograms obtained
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under conditions 12 and 13 in table 3.5 were almost identical suggesting that methanol
did not play any role in improving the separation and that the column is not sufficiently
selective.
Effect of Temperature programming and Mobile Phase Gradient on Resolution
Table 3.7 shows that using temperature programming and mobile phase gradient
the resolution of the peaks can be slightly improved. It is seen that under thermal
optimized conditions the resolution between acenaphthene and fluorene, phenanthrene
and anthracene, fluoranthene and pyrene and benzo(k)fluoranthene and benzo(a)pyrene
pairs increased effectively, with a little increase in analysis time. For example the
resolution between phenanthrene and anthracene under the method similar to zirchrom
was 2.0 and the optimized method was 3.2. The optimized method did improve resolution
but it took almost 25 minutes for the separation of the sixteen PAHs compared to under
fifteen minutes using the zirchrom method.
Table 3.7 Figures of Merit for the 150 mm X 4.6 mm i.d, 3-micron Zirchrom-PS Columna

Analytes

Isothermal
80oC, 20-80% ACN

t R (min)

w 1/2

Rsc
R

Thermal gradients and
mobile phase gradientsb

t R (min)

(sec)

5.321
5.733
6.959
7.211

9.6
8.2
7.2
7.2

2.8

Fluoranthene
Pyrene
Benzo(k)fluoranthene
Benzo(a)pyrene

8.462
8.823
11.887
12.417

7.2
8.0
10.8
12.6

2.9
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Rsc
R

(sec)

Acenaphthene
Fluorene
Phenanthrene
Anthracene

t R retention time of the peaks in minutes
w 1/2 width of the peak at half height

w 1/2

2.0

2.7

4.712
5.397
8.407
9.246

9.8
10.8
15.0
16.4

4.0

13.877
14.606
19.179
20.031

13.2
15.5
16.8
20.4

3.0

3.2

2.8

R s resolution between two neighboring peaks
R

a

Zirchrom separations Inc., Anoka, MN, U.S.A
b
60oC Isothermal for 15 min, 50 oC Isothermal for 15 min
30% ACN 0-10 min, 30-50% ACN 10-15 min, 50-75% ACN 15-30 min
c

R s = [2*(t R2 - t R1 )/(w 1/2 + w 1/2 )]
R

Sample Calculations
Resolution between phenanthrene and anthracene under isothermal conditions at
80 C and 20-80% ACN, remaining water.
o

R s = [2*(t R2 - t R1 )/(w 1/2 + w 1/2 )]
R

= [2*((7.211-6.959)x60)/(7.2+7.2)]
= 2.01

PS-DVB Column (53 mm x 7 mm)
Method Development
Gradient mobile phase conditions were applied in the initial part of method
development along with both isothermal and temperature gradient conditions. The
various conditions tested are listed in Table 3.8. The first chromatogram was produced at
60oC, with acetonitrile gradient at 3.4% min-1 and flow rate 1.5 mL min-1. The
temperatures were mostly isothermal ranging from 60oC to 140oC. The mobile phase
strength was varied from 0.66% min-1 to 3.4% min-1. The flow rates were constant
ranging from 1.5 mL min-1 to 4.0 mL min-1. Thermal programming began by 1.25oC min1

to 2.78oC min-1. Using acetonitrile and water as the mobile phase, the optimum

separation was obtained at 110oC, with acetonitrile gradient at 1.48 % min-1 and flow rate
3.2 mL min-1. Figure 3.5 shows the chromatogram with optimum separations of PAHs
under the conditions mentioned above. Figure 3.6 shows the effect of using very high
temperatures in thermal programming resulting in the elevation of baseline.
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Table 3.8 Sequence of steps used during method development on the PS-DVB
column using ACN and H 2 O as mobile phase:

1
2
3
4
5
6
7
8
9
10

Mobile Phase
%ACN*
Flow Rate
(mL min-1)
12-80
1.5
12-80
1.5
20-80
2.5
50-90
2.0
50-90
3.0
50-90
3.0
50-70
2.0
50-90
3.0
50-90
3.0
50-80
3.0

Gradient at 3.4% min-1
Gradient at 1.7% min-1
Gradient at 1.5% min-1
Gradient at 0.66% min-1
Gradient at 0.66% min-1
Gradient at 0.66% min-1
Gradient at 0.33% min-1
Gradient at 0.66% min-1
Gradient at 1.14% min-1
Gradient at 1.07% min-1

11
12
13
14
15

50-80
50-90
45-65
50-90
50-75

2.7
3.2
3.5
3.2
3.2

Gradient at 1.07% min-1
Gradient at 1.42% min-1
Gradient at 0.7% min-1
Gradient at 1.42% min-1
Gradient at 0.53% min-1

16

50-65
65-90

3.2
3.5

Gradient at 1.5% min-1
Gradient at 1.4% min-1

17

50-65
65-90
50-90
50-90
40-90
35-55
55-90
35-55
55-75

3.7
4.0
3.0
3.0
3.0
3.0
3.5
3.0
3.5

Gradient at 1.5% min-1
Gradient at 1.4% min-1
Gradient at 1.42% min-1
Gradient at 1.42% min-1
Gradient at 1.42% min-1
Gradient at 2.0% min-1
Gradient at 1.94% min-1
Gradient at 2.0% min-1
Gradient at 1.11% min-1

Condition

18
19
20
21
22

Solvent Program

Temperature
Range
Thermal Program
(oC)
60
Isothermal
100
Isothermal
80
Isothermal
60
Isothermal
80
Isothermal
100
Isothermal
90
Isothermal
120
Isothermal
120
Isothermal
120
Isothermal for 12 min
120-140 Gradient at 1.25oC
min-1
110
Isothermal
110
Isohtermal
120
Isohtermal
140
Isohtermal
100-160 Gradient at 2.15oC
min-1
100
Isothermal
100-150 Gradient at 2.78oC
min-1
130
Isothermal
120
130
130
140

Isothermal
Isothermal
Isothermal
Isothermal

140

Isothermal

Method Optimization:
Method optimization was done using different mobile phase, such as methanol
(MeOH) and tetrahydrofuran in addition to acetonitrile and water, using isothermal and
temperature gradient conditions, isocratic and mobile phase gradients and different flow
rates. Table 3.9 shows the different conditions using acetonitrile and methanol in the ratio
1:1 as mobile phases at isothermal conditions ranging from ambient to 110oC and at
different flow rates ranging from 1.0 to 3.0 mL min-1 followed by flow rate
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programming. The optimum separation was obtained at 110oC using the mobile phases
ACN and MeOH in the ratio 1:1 and flow rate 2 mL min-1is shown in figure 3.7.
Table 3.9 Sequence of steps used during method optimization on the PS-DVB
column using ACN and MeOH as mobile phase:
Conditions
1
2
3
4
5
6
7
8
9

Mobile Phase
ACN:MeOH
1:1
1:1
1:1
1:1
1:1
1:1
1:1
1:1
1:1

Flow Rate
(mL min-1)
3.0
1.0
2.0
1.0
2.0
1.0
0.5-3.0
0.5-2.0
1.0-3.0

Solvent Program
Isocratic
Isocratic
Isocratic
Isocratic
Isocratic
Isocratic
Isocratic
Isocratic
Isocratic

Temperature
Range
Thermal
(oC)
program
110
Isothermal
80
Isothermal
80
Isothermal
60
Isothermal
25
Isothermal
25
Isothermal
25
Isothermal
110
Isothermal
60
Isothermal

Table 3.10 shows the different conditions used to separate the sixteen PAHs using
acetonitrile, water and methanol as mobile phases. Isothermal and temperature gradient,
isocratic and mobile phase gradient, constant flow and flow rate programming were tried
in combinations using the three mobile phases mentioned above. Under optimum
conditions, the best chromatogram obtained at temperature 70oC isothermal for 5 min, 70110oC gradient at 5.33oC min-1 for the next 7.5 min and 110oC isothermal for the next
17.5 min, mobile phase 50-90% ACN, remaining H 2 O:MeOH 1:1 (v/v), flow rate 2 mL
min-1, is shown in figure 3.8.
Table 3.11 shows different temperature and mobile phase conditions using
tetrahydrofuran, methanol and acetonitrile as mobile phases.
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Table 3.10: Sequence of steps used during method development on the PS-DVB
column using ACN, MeOH and H 2 O as mobile phase

1
2

Mobile Phase
ACN:
H 2 O:MeOH
50:2.5:47.5
50:25:25

3
4

50:25:25
50-90:45:5

5
6
7

50:42.5:7.5
50:42.5:7.5
50-90:42.5:7.5

8

50-90:25:25

2.5

9

50-75: 25:25

2.0

10

50-75: 25:25

2.0

11

50-75: 25:25

2.0

Conditions

12

50-75: 25:25

Flow Rate
(mL min-1)
1.0-3.0
1.0 for 8 min
1.0-2.0 for
22 min
1.0 -3.0
1.0
1.0-3.0
2.0-3.0
3.0

2.0

Solvent
Program
Isocratic
Isocratic
Isocratic
Gradient at
1.33% min-1
Isocratic
Isocratic
Gradient at
1.33% min-1
Gradient at
1.33% min-1
Gradient at
0.66% min-1
Gradient at
0.66% min-1
Gradient at
0.66% min-1
Gradient at
0.66% min-1

Temperature
Range
Thermal Program
(oC)
60
Isothermal
60
Isothermal
60
60

Isothermal
Isothermal

110
110
110

Isothermal
Isothermal
Isothermal

110

Isothermal

110

Isothermal

80

Isothermal

80

Isothermal for 7 min

80-120

Gradient at 1.74oC
min-1
Gradient at 4.8oC
min-1
Isothermal for 17.5
min
Isothermal for 5 min

60-110
110

13

50-90: 25:25

2.0

Gradient at
1.33% min-1

70
70-110
110

14

50-80: 25:25 for
12.5 min
80: 25:25 for 17.5
min

2.0-2.5

Gradient at 2.4%
min-1

70
70-110
110

15

50-80: 25:25 for
12.5 min
80: 25:25 for 17.5
min

2.0 for 12.5
min
2.0-3.0 for
17.5 min

Gradient at 2.4%
min-1

70
70-110
110
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Gradient at 5.33oC
min-1
Isothermal for 17.5
min
Isothermal for 5 min
Gradient at 5.33oC
min-1
Isothermal for 17.5
min
Isothermal for 5 min
Gradient at 5.33oC
min-1
Isothermal for 17.5
min

Table 3.11: Sequence of steps used during method optimization on the PS-DVB
column using ACN, MeOH, H 2 O and THF as mobile phase:
Mobile Phase
50%
ACN:MeOH:THF*
1
45:45:10
2
45:45:10
3
45:45:10
4
50:25:25**
* remaining water, ** no water
Conditions

Flow Rate
(mL min-1)
2.7
2.7
1.0
2.0

Solvent
Program
Isocratic
Isocratic
Isocratic
Isocratic

Temperature
Range (oC) Thermal
Program
90
Isothermal
50
Isothermal
25
Isothermal
60
Isothermal

Table 3.12 Conditions for separating the sixteen PAHs on the PS-DVB Column using water and
acetonitrile as mobile phase
Temperature
110oC

Flow Rate
3.2 mL min-1

Mobile Phase Conditions
50-90% ACN:H 2 O (v/v)

Figure 3.5 Chromatogram of 5 ppm PAHs standard mix run under the conditions given in Table 3.12
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Table 3.13 Conditions for separating the sixteen PAHs on the PS-DVB Column using water and
acetonitrile as mobile phase and temperature programming.
Temperature
100oC isothermal for 10 min
100-150oC gradient for 17 min

Flow Rate
3.5 mL min-1

Mobile Phase Conditions
50-65% ACN:H 2 O (v/v)
65-90% ACN:H 2 O (v/v)

Figure 3.6 Chromatogram of 5 ppm PAHs standard mix run under the conditions given in Table 3.13
Table 3.14 Conditions for separating the sixteen PAHs on the PS-DVB Column using water and
acetonitrile as mobile phase and temperature programming.
Temperature
60oC isothermal

Flow Rate
2 mL min-1

Mobile Phase Conditions
50% ACN 50% MeOH

Figure 3.7 Chromatogram of 5 ppm PAHs standard mix run under the conditions given in Table 3.14
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Table 3.15 Conditions for separating the sixteen PAHs on the PS-DVB Column using water and
acetonitrile as mobile phase and temperature programming.
Temperature
70oC isothermal for 5 min
70-110oC gradient for 7.5 min
110oC isothermal for 17.5 min

Flow Rate
2.5 mL min-1

Mobile Phase Conditions
50-90% ACN remaining MeOH:H 2 O 1:1 (v/v)

Figure 3.8 Chromatogram of 5 ppm PAHs standard mix run under the conditions given in Table 3.15

PS-DVB Column (53 mm x 10 mm)
The Jordi Gel DVB RP 500A RP Bullet, 53 mm x 7 mm was replaced by Jordi Gel DVB
RP 500A, 50 mm x 10 mm, given by Dr. Howard Jordi, Jordi Associates, F. L. P., 4 Mill
Street, Bellingham, Massachusetts 02019. There was high back pressure in the system
and the pumps shut down continuously in the middle of the runs and the column was
replaced. According to Dr. Howard Jordi, the new column could withstand pressure up to
10,000 psi and the flow rate could be used up to 10 ml min-1. Four mobile phases,
acetonitrile, methanol, water and tetrahydrofuran were used in different ratios in order to
separate the sixteen PAHs. Finally acetonitrile was used in combination with water and
tetrahydrofuran and the conditions are shown in table 3.16. The temperatures were
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constant to begin with ranging from ambient to 80oC and continued with thermal gradient
later. Mobile phase program was isocratic and flow rates used were 3 ml min-1.
Table 3.16: Sequence of steps used during method optimization on the PS-DVB
column using ACN, MeOH, H 2 O and THF as mobile phase:
Condition
1
2
3
4
5
6
7

Mobile Phase
ACN ,MeOH, THF and H 2 O

Temperature
Thermal Program

Flow Rate
(mL min-1)
3.0
3.0
3.0
3.0
3.0
3.0
3.0

Solvent
Program
Isocratic
Isocratic
Isocratic
Isocratic
Isocratic
Isocratic
Isocratic

Range
(oC)
25
25
25
25
25
25
25

1.5

Isocratic

25

Isothermal

1.5

Isocratic

25

Isothermal

3.0

Isocratic

25

Isothermal

11
12
13
14
15
16
17
18
19
20
21
22
23
24

50% THF, 50% ACN: H 2 O 1:1
25% THF, 75% ACN: H 2 O 1:1
5% THF, 95% ACN: H 2 O 1:1
10% THF, 90% ACN: H 2 O 1:1
3% THF, 97% ACN: H 2 O 1:1
20% THF, 80% ACN: H 2 O 1:1
100% MeOH:ACN:THF: H 2 O
1:2:3:4
90% MeOH:ACN:THF: H 2 O
1:2:3:4, 10% H 2 O
80% MeOH:ACN:THF: H 2 O
1:2:3:4, 20% H 2 O
50% MeOH:ACN:THF: H 2 O
1:2:3:4, 50% MeOH:ACN:THF:
1:2:3
100% MeOH:ACN:THF: 1:2:3
20% THF, 80% ACN: H 2 O 1:2
50% THF, 50% ACN: H 2 O 1:2
25% THF, 75% ACN: H 2 O 1:2
35% THF, 65% ACN: H 2 O 1:2
45% THF, 55% ACN: H 2 O 1:2
40% THF, 60% ACN: H 2 O 1:2
30% THF, 70% ACN: H 2 O 1:2
15% THF, 85% ACN: H 2 O 1:2
15% THF, 85% ACN: H 2 O 1:2
10% THF, 90% ACN: H 2 O 1:2
40% THF, 60% ACN: H 2 O 1:2
50% ACN, 50% THF: H 2 O 1:1
50% ACN, 50% THF: H 2 O 1:1

3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0

Isocratic
Isocratic
Isocratic
Isocratic
Isocratic
Isocratic
Isocratic
Isocratic
Isocratic
Isocratic
Isocratic
Isocratic
Isocratic
Isocratic

Isothermal
Isothermal
Isothermal
Isothermal
Isothermal
Isothermal
Isothermal
Isothermal
Isothermal
Isothermal
Isothermal
Isothermal
Isothermal

25

50% ACN, 50% THF: H 2 O 1:2

3.0

Isocratic

26

50% ACN, 50% THF: H 2 O 1:2

3.0

Isocratic

27

60% ACN, 40% THF: H 2 O 1:2

3.0

Isocratic

28

75% ACN, 25% THF: H 2 O 1:2

3.0

Isocratic

29

75% ACN, 25% THF: H 2 O 1:2

3.0

Isocratic

25
25
25
25
25
25
25
25
25
50
80
50
50
40-80
80
40
40-80
80
40-80
80
40-100
80
40-80
80
40
40-80
80

8
9
10
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Isothermal
Isothermal
Isothermal
Isothermal
Isothermal
Isothermal
Isothermal

Gradient at 2 oC min-1
Isothermal for 20 min
Isothermal
Gradient at 2 oC min-1
Isothermal for 10 min
Gradient at 2 oC min-1
Isothermal for 20 min
Gradient at 3 oC min-1
Isothermal for 20 min
Gradient at 2 oC min-1
Isothermal for 20 min
Isothermal
Gradient at 2 oC min-1
Isothermal for 10 min

Table 3.17 optimized conditions for separating the sixteen PAHs on the PS-DVB Column using water
and acetonitrile as mobile phase and temperature programming.
Temperature
40-80oC gradient for 20 min
80oC isothermal for 20 min

Flow Rate
3.0 mL min-1

Mobile Phase Conditions
50% ACN, 50% THF: H 2 O 1:1
2 % acetic acid

Figure 3.9 Chromatogram of 5 ppm PAHs standard mix run under the conditions given in Table 3.17

Table 3.18 conditions showing the difference in elution pattern of the first eight analytes compared to
the last eight analytes
Temperature
80oC isothermal

Flow Rate
2.0 mL min-1

Mobile Phase Conditions
50-75% ACN, remaining MeOH: H 2 O 1:1

Figure 3.10 Chromatogram of 5 ppm PAHs standard mix run under the conditions given in Table
3.17
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Table 3.19 Figures of merit showing the effect of best mobile phases combination and temperature
programming conditions on resolution, efficiency and peak width of selected analytes with PS-DVB
column

Temp 70oC for 5
min, 70-110oC for
7.5 min, 110oC for
17.5 min, Mobile
Phase 50-90 %
ACN, remaining
1:1 MeOH: H 2 O,
Flow Rate 2.0 mL
min-1

Temp 110oC,
Mobile Phase
50-90% ACN,
remaining H 2 O,
Flow Rate 3.2 mL
i -1

Analyte

TR

R

W 1/2

RS
R

N

TR

R

W 1/2

RS

N

R

Temp 40-80oC for
20 min, 80oC for 20
min, Mobile Phase
50 % ACN,
remaining 50% 1:1
THF: H 2 O, Flow
Rate 3.0 mL min-1

TR

R

W 1/

RS

N

R

2

2

4.504

17.1

-

1385

4.433

15.3

-

1676

4.133

11.3

4.51

2670

3

5.233

-

-

-

4.844

-

-

-

5.255

18.5

2.84

1610

4

5.679

19.2

-

1746

5.317

22.1

-

1155

6.095

17.0

-

2566

5

7.311

18.3

1.53

3186

6.832

17.1

1.67

3186

7.847

20.4

1.01

2954

6

7.870

25.4

-

1916

7.285

29.5

-

1217

8.245

26.5

-

1932

7

9.842

27.1

1.50

2633

8.323

27.3

0.97

1855

9.935

47.0

1.56

892

8

10.25

34.5

-

1762

8.951

50.1

-

637

11.24

53.6

-

878

11

17.00

68.6

0.00

1226

12.39

33.0

0.00

2813

18.65

47.0

1.32

3143

12

17.00

68.6

-

1226

12.39

33.0

-

2813

19.69

47.0

-

3503

14

20.95

80.5

0.00

1352

13.91

57.9

0.43

1150

25.71

93.9

0.00

1496

15

20.95

80.5

1352

14.32

57.9

-

1221

25.71

93.9

-

1496

T R = Retention time, W 1/2 = Width of the peak at half height,
N = Efficiency or number of effective plates = 5.545(T R / W 1/2 )2
R

R S = Resolution = [2*(t R2 - t R1 )/(w 1/2 + w 1/2 )]
R
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Table 3.20 Figures of merit showing the effect of temperature and mobile phase strength on retention
time and peak width of first eight and last eight PAHS with PS-DVB column

Conditions
Temp
(oC)
1

80

MPa
ACN,
MeOH
: H2O
50-75,

Analytes
FR

3

80,80

50-75,

-120c

1:1

60-

50-75,

110,

1:1

4

5

6

mL/
min

2.0

1:1
2

1

2.0

2.0

7

8

9,10

11,12

13

14,15,
16

T R / W 1/2
3.195

5.234

7.186

7.891

9.787

10.97

16.58

21.89

24.5

-

10.8

17.1

25.2

27.8

--

--

59.4

112.6

91.0

3.234

5.291

7.243

7.943

9.805

10.91

15.61

19.448

21.2

24.747

10.8

17.3

25.1

27.5

37.3

44.4

45.9

76.5

62.2

137.0

4.069

6.435

8.641

9.233

9.995

10.42

13.06

15.80

17.3

20.590

23.7

25.4

31.3

24.6

20.5

28.7

42.5

60.9

59.3

107.1

2.105

3.107

4.049

4.339

5.362

6.082

8.803

11.829

13.6

17.428

7.1

10.6

13.8

17.3

--

--

32.0

58.8

51.2

88.0

4

5

6

110d
4

110

50-75,

2.0

1:1

Conditions

1

2

Analytes

Temp

MPa

FR

(oC)

%
MeOH
7.5

mL/
min

110

110

12.5-

3.0

2.0

25
3

110

50

3

1

7

8

9,10

11,12

13

14,15,
16

T R / W 1/2
b

b

b

8.803

11.829

13.6

17.428

-

32.0

58.8

51.2

88.0

1.100

1.237

1.490

1.821

2.17

2.657

5.9

6.6

6.2

8.6

11.1

15.0

4.479

7.842

10.75

10.75

15.47

17.43

29.18

15.9

29.1

43.6

43.6

-

-

-

2.105

3.107

4.409

4.339

5.362

6.082

7.1

10.6

13.8

17.3

-

0.073

0.819

-

0.981

2.4

3.1

-

4.4

Mobile phase, T R retention time, W 1/2 peak width at half height
did not elute with in 30 minutes
c
80oC for 7 min, 80-120oC for 23 min
d
60-110oC for 12.5 min, 110oC for 17.5 min
a

b

41

Study of two and three-ring PAHs
It was seen that the two- to three-ring PAHs were well resolved and the four-ring
and larger PAHs co-eluted or were not completely resolved. Therefore, 10 ppm standards
containing the first eight analytes from table 1.1 and 1-methynaphthalene and 2methylnaphthalene were run at different conditions of temperature and mobile phase
gradient using acetonitrile, methanol and water. The various conditions are listed on table
3.21. The best conditions were temperature 80-100oC, mobile phase 50-90% ACN,
remaining H 2 O:MeOH 1:1 (v/v), flow rate 3.0 mL min-1, is shown in figure 3.11.
Table 3.21: Sequence of steps used with two-ring and three-ring PAHs and
derivatives during method development on the PS-DVB column using ACN, MeOH
and H 2 O as mobile phase.

1

Mobile Phase
% ACN,
H 2 O:MeOH 1:1
50, 1:1

2

50-90, 1:1

3.0

3

50-90, 1:1

3.0

4

30-95,1:1

3.0

5

40-95, 1:1

3.0

6

50-90, 1:1

3.0

7

50-70, 1:1

3.0

70-90, 1:1

4.0

50-90:25:25

3.0

Condition

8

Flow Rate
(mL min-1)
3.0

Solvent Program
Isocratic
Gradient at 1.0 %
min-1
Gradient at 1.0 %
min-1
Gradient at 1.625
% min-1
Gradient at 1.375
% min-1
Gradient at 1.0 %
min-1
Gradient at 0.5 %
min-1
Gradient at 0.5 %
min-1
Gradient at 1.33%
min-1
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Temperature
Range Thermal Program
(oC)
70
Isothermal for 10 min
70-110 Gradient at 2.0oC min-1
110
Isothermal for 10 min
70
Isothermal
80

Isothermal

90

Isothermal

70

Isothermal

80-100

Gradient 0.5oC min-1

80

Isothermal

110

Isothermal

Table 3.22 Conditions for separating the ten PAHs on the PS-DVB Column using water, methanol
and acetonitrile as mobile phase and temperature programming.
Temperature
80-100oC

Flow Rate
3.0 mL min-1

Mobile Phase Conditions
50-90% ACN remaining MeOH:H 2 O 1:1 (v/v)

Figure 3.11 Chromatogram of 10 ppm PAHs standard mix run under the conditions given in Table
3.22. 1- naphthalene, 2-acenaphthylene, 3- 1-methylnaphthalene, 4- 2-methylnaphthalene, 5acenaphthene, 6-fluorene, 7-phenanthrene, 8-anthracene, 9-fluoranthene, 10-pyrene

Discussion
The Jordi Gel DVB 500A RP Bullet column has strong phenyl groups with two
distinct forms of stationary phase. The initial method development began with using
acetonitrile and water as mobile phases. Split peaks are observed for the analytes
fluorene, anthracene, pyrene, chrysene and benzo(a)pyrene. The assumption is that the
analytes from the previous run that are stuck between the two forms of stationary phases,
are co-eluting giving rise to split peaks. The extreme retention of PAHs is attributed to
the contribution of surface structure of the packing material, that is, the π-π or charge
transfer interactions [24]. The mobile phase combination acetonitrile and water are not
strong enough to coat the stationary phase and elute the analytes. It is highly unlikely that
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the column is overloaded. This behavior is seen in the Figures 3.5 and 3.6. The extreme
retention of PAHs in the column requires higher flow rates for effective elution of the
analytes out of the column and for sharpening the peaks. Higher flow rates require higher
temperatures to reduce the viscosity of the mobile phase and to avoid back pressure from
the system stopping the pumps. Therefore, elevated temperatures or temperature
programming was preferred in all the runs. It was also observed that temperature
programming caused upward drift in baseline as observed in Figure 3.6. In spite of
optimizing the conditions with temperature programming, mobile phase programming
and flow rate programming, the chromatograms had split peaks, wider peaks and there
was co-elution of analytes benz(a)anthracene and chrysene, benzo(b)fluoranthene and
benzo(k)fluoranthene, and co-elution of dibenz(a,h)anthracene, indeno(1,2,3,cd)pyrene
and benzo(ghi)perylene.
The stationary phase in the column has strong phenyl groups and acts as good a
Lewis base. Therefore, a stronger mobile phase was required that would interact and coat
the stationary phase and separate the analytes. Methanol was evaluated in addition to
acetonitrile and water. The lone pair of electrons in the oxygen atom in methanol
interacts with the p-orbitals of the phenyl rings of the stationary phase, thereby not
allowing the analytes to be too strongly retained in the column. Figure 3.7 and 3.8
showed amazing results. There were no more split peaks. The peaks were narrow and
sharp as seen in Table 3.19 where the peak width values are compared at different
conditions. Peak width were improved and retention times were lower with better
resolution due to high temperature or temperature programming as seen in Table 3.20.
Again, by optimizing the conditions, condition H was the most fruitful and the anlaytes
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were fairly resolved with more narrow peaks in fifteen minutes. Still analytes
benz(a)anthracene and chrysene, benzo(b)fluoranthene and benzo(k)fluoranthene coeluted. The last three anlaytes, dibenz(a,h)anthracene, indeno(1,2,3,cd)pyrene and
benzo(ghi)perylene had better separation with one peak and two shoulders, but could not
be resolved completely. There was partial resolution between dibenz(a,h)anthracene and
indeno(1,2,3,cd)pyrene of about 0.432.
Using the same concept of using a stronger mobile phase, tetrahydrofuran was
added in addition to acetonitrile, water and methanol in various combinations. The results
were not very different from using methanol in addition to water and acetonitrile. Figure
3.9 shows the results of using tetrahydrofuran as one of the constituents of mobile phases.
The amazing part of results from using the above combination of mobile phases is that
analytes benzo(b)fluoranthene and benzo(k)fluoranthene were fairly resolved with
resolution of about 1.322. The analytes 9 and 10 still co-elute and the last three analytes
dibenz(a,h)anthracene, indeno(1,2,3,cd)pyrene and benzo(ghi)perylene are not well
resolved. There was strong tailing of peaks especially with tetrahydrofuran as one of the
constituents of the mobile phase. The tailing increases with increase in molecular size as
seen in figure 3.9. This probably happens due to the swelling of the polymer phase and
decrease in void volumes with the addition of tetrahydrofuran and probably the limitation
of using polystyrene divinylbenzene phase for reversed-phase liquid chromatography
[33]. Also the swelling results in multiple interactions of the solutes with the polymers
resulting in strong tailing, peak retention and peak broadening [30,25,33]. Two percent
acetic acid was added to the mobile phase combination which improved the peak
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symmetry. The ternary mixture of water and a poor solvent and good solvent can improve
the peak shape [33].
Among the mobile phases, acetonitrile, methanol and tetrahydrofuran, and water
it was seen that acetonitrile in combination of THF and water combinations was better
compared to methanol and water. This can be seen in the efficiency values in table 3.19,
which range from 500-4000 theoretical plates/m. These values are very low indicating
that PS-DVB columns have low performance [24]. Also, it was seen that the first eight
analytes ranging from two to four rings elute with proper resolution as one set in the
reversed-phase. The latter eight analytes with ring size four to six, are not adequately
resolved as seen in figure 3.10. According to Giddings [24], the size of the molecule
plays a major role in the partitioning behavior of molecules with the porous system of the
stationary phase [31]. This means the first eight show partitioning mechanism into the
column and the second eight show adsorption mechanism [24,43] as demonstrated in
Figure 3.12. The lack of dense polymer layers in highly cross-linked polymers shows

Figure 3.12 Textures of copolymer of styrene and divinylbenzene: A, nonpermeable nuclei of
polymeric mass; B, layer of swelling polymer; C, real pores. [31]

that even strong organic solvents like tetrahydrofuran cannot permeate through the inner
parts of the polymer skeleton [31]. Therefore, nothing takes place in the A portion of the
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polymer phase and all the mechanisms take place in the swelled portion or B layer of the
polymer phase. This behavior is not seen in the polymer-coated zirconia-based column.
The reason is that tetrahydrofuran was not used as mobile phase and methanol only
shrinks the stationary phase and does not swell. In polystyrene-divinylbenzene stationary
phase, no matter how high the cross-linking percentage is, the material is porous and
swells in contact with mobile phases like THF. Therefore, for smaller molecules that can
partition into the swelled portion of the stationary phase, partitioning mechanism takes
place. The difference in the interaction of the analytes with the stationary phase is good
enough to separate them as individual peaks. The larger molecules cannot partition well
into the stationary phase and mostly stick or adsorb to the swelled portion. When higher
temperatures or high mobile phase strength is applied, they desorb them from the
stationary phase and dissolve into the mobile phase. They are not large enough to be
separated by size as in size-exclusion chromatography. Also their interaction with the
stationary phase is similar. Therefore, they either co-elute or elute as a blob containing
three or more analytes. Also there is big gap in retention times between the first eight and
the latter eight analytes. This gap decreases with increase in temperature or mobile phase
strength. This mechanism can be understood better with the retention time values shown
at different condition of temperatures and mobile phase strength as shown in table 3.20.
The sixteen PAHs were also analyzed using the mobile phase combinations,
acetonitrile, water, methanol and toluene. The idea of adding toluene as a part of the
mobile phase combination is that polystyrene-divinylbenzene is soluble in toluene and
swells in contact with toluene. The results were similar to the same mobile phase
combination with THF instead of toluene but looked more promising as seen in Appendix
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II. If we introduce toluene in small amounts and increase its concentrations slowly after
the first analytes have come out, the chances of the bigger PAHs interacting with the
swelled portion of the polymer and getting 100 percent resolution is predicted. Therefore,
the research should continue with different concentrations of toluene in the mobile phase
combination.
It looks like the polymer-coated column could be used for separating, identifying
and quantifying the PAHs and their environmental derivatives with two or three rings as
seen in figure 3.11. The larger PAHs and their derivatives with four rings or more coelute and PS-coated columns or PS-DVB columns are not a good choice for separating
them.
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Chapter 4 Conclusion
Zirchrom-PS Column
From the analysis and data obtained from the chromatograms on the Zirchrom-PS
column, it can be said that the Zirchrom-PS column is not efficient enough to separate the
co-eluting peaks, benz(a)anthracene with chrysene and benzo(b)fluoranthene with
benzo(k)fluoranthene under the conditions tested. Therefore, zirchrom-PS Column cannot
be used as standard column for separating the EPA sixteen PAHs, designated as priority
pollutants. Attempts to achieve resolution of co-eluting analytes was unsuccessful using
thermal programming and strengthening mobile phases using methanol. Sub-ambient
temperatures could work, but the question arises, if it would be possible for the analytes
to desorb from the column at such low temperatures.
It was a challenge separating PAHs on the PS-DVB columns, though polystyrene
divinylbenzene columns have the potential to separate PAHs and their derivatives. The
column is very retentive of PAHs and stronger mobile phases did help separating the
some of the geometric isomers. Twelve of the sixteen PAHs were resolved. Despite the
undesirable microporosity of polymer-based packing materials, which results in shrinking
and swelling of bonded phases in contact with stronger mobile phases, they did perform
well enough to separated most of the analytes. Again benz(a)anthracene with chrysene
and benzo(b)fluoranthene with benzo(k)fluoranthene and least resolution between the last
three analytes, dibenz(a,h)anthracene, indeno(1,2,3,cd)pyrene and benzo(ghi)perylene.
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Both Zirchrom-PS column and PS-DVB column could be used in separating and
identifying the two- to three-ring PAHs and their derivatives, such as those that are found
in the vapor phase in the environment. For the analysis of four-ring PAHs and more, the
two mentioned columns are not recommended at all.
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APPENDIX II
Table: Conditions for separating the sixteen PAHs on the PS-DVB Column using water, methanol,
acetonitrile and toluene as mobile phases
Temperature
80oC

Flow Rate
3.0 mL min-1
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Mobile Phase Conditions
90% ACN:MeOH:H 2 O
8:1:1(v/v), 10% Toluene

